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(57) ABSTRACT 

TWo neural networks are used to control adaptively a vibra 
tion and noise-producing plant. The ?rst neural netWork, the 
emulator, models the complex, nonlinear output of the plant 
With respect to certain controls and stimuli applied to the 
plant. The second neural netWork, the controller, calculates 
a control signal Which affects the vibration and noise pro 
ducing characteristics of the plant. By using the emulator 
model to calculate the nonlinear plant gradient, the control 
ler matrix coefficients can be adapted by backpropagation of 
the plant gradient to produce a control signal Which results 
in the minimum vibration and noise possible, given the 
current operating characteristics of the plant. 
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NEURAL NET CONTROLLER FOR NOISE 
AND VIBRATION REDUCTION 

GOVERNMENT RIGHTS 

The Government has rights to the invention pursuant to 
government contract N000014-96-C-2079 awarded by the 
United States Naval Research Laboratory. 

FIELD OF THE INVENTION 

The present invention relates to control systems for an 
active, adaptive vibration and noise attenuation system 
(AAVNAS). The present invention serves as the intelligence 
of an overall system that has several parts. Generally, the 
other parts of the noise control system are called the plant 
and Would include the noise producing system itself, sensors 
for measuring the objectionable vibration and noise, a 
mechanism for altering the production of noise and 
vibration, and some parameter Which can be measured 
independently of the noise and vibration Which is related to 
the noise and vibration production and can serve as an 
element in the accurate estimation of noise and vibration. In 
particular, the present invention relates to a control system 
using neural netWorks to emulate and control the noise and 
vibration characteristics of a nonlinear plant. 

BACKGROUND OF THE INVENTION 

Virtually all dynamic mechanical devices produce vibra 
tion Which, When transmitted through air Within audible 
frequency ranges, is recogniZed as audible noise. Both the 
original vibration and the resultant audible noise have unde 
sirable effects. Vibration in machinery can damage or 
degrade the machinery’s performance. Noise and vibration 
perceived by people in the vicinity of the machinery may 
distract those people and cause fatigue or other physical 
maladies. Consequently, a need exists for systems and 
techniques Which can be used to reduce noise and vibration. 

Efforts to control noise and vibration can be classi?ed into 
tWo categories: passive and active. Passive noise control 
techniques are distinguishable from active in that passive 
techniques are arranged to absorb energy from the plant or, 
by reason of tuned mounts, isolate the vibrating machinery 
and thus do not add any energy to the plant, i.e. the system 
being controlled. Many prior attempts to control noise and 
vibration utiliZed passive techniques such as mufflers or 
sound-absorbing insulation. HoWever, passive noise and 
vibration control techniques approach practical limits in 
terms of cost and many other characteristics versus effec 
tiveness. Further signi?cant reductions in noise and vibra 
tion levels usually require advances in the state-of-the-art 
active control technology. 

Active techniques seek to analyZe the noise and vibration 
that the plant produces and then reduce the effects by either 
actively altering the characteristics of the system or by 
inducing acoustic Wave interference accomplished by emit 
ting noises/vibrations at speci?c time-delayed and phased 
reversed frequencies in order to cancel out the noise and 
vibration from the plant. A more detailed explanation of the 
physics behind noise cancellation is given in an article 
entitled “A Primer on Active Sound and Vibration Control” 
Written by Larry J. Eriksson Which appeared on page 18 of 
the February, 1997, issue of “Sensors”. 

One method knoWn in the art is to measure the noise and 
vibration disturbances at locations Where cancellation is 
desired and to feed this information back into an active 
controller Which then makes alteration/cancellation adjust 
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2 
ments to reduce the noise and vibration disturbances. Feed 
back systems tend to be effective When the time delay 
through the controller actuator and sensors is kept to a 
minimum. 

Another method is to place a reference sensor as close as 
possible to the vibration/noise disturbance producing source 
in addition to the measurements of the noise and vibration 
disturbances at locations Where cancellation is desired. Such 
a sensor is referred to as a reference sensor and alloWs the 

use of feed-forWard algorithms. Feed-forWard algorithms 
such as the Filtered-X Least Mean Squares (LMS) algorithm 
minimiZe the measured disturbance signals using a gradient 
descent algorithm to adapt the coef?cient of a FIR (Finite 
Impulse Response) ?lter. With feed-forWard systems, the 
FIR ?lter coef?cients are updated so that the transfer func 
tion from the disturbance source to the disturbance signals 
Where cancellation is desired, is equal to the net transfer 
function from the source through the reference sensor, FIR 
?lter, and actuator to the same disturbance signals. The 
adaptive algorithm computes a FIR ?lter that best equaliZes 
these tWo paths. US. Pat. No. 5,332,061 issued to Kamal 
Majeed, on Jul. 26, 1994, discloses one such system used to 
attenuate vibrations in a vehicle generated by an internal 
combustion engine. These algorithms are effective When the 
reference sensors are coherent With the error signals and 
have a small time delay With respect to the source and When 
the system controlled is linear. The Filtered-X LMS algo 
rithm is described in the textbook “Adaptive Signal Pro 
cessing by Bernard WidroW and Samuel Stearns ©1985, 
Prentice-Hall Inc., ISBN: 0-13-004029-0”. 
FeW practical implementations of nonlinear active con 

trollers have been realiZed. Nonlinear active control systems 
are required When the actuators and/or the plant exhibit 
nonlinear dynamics. Neural netWorks are one method 
knoWn in the art to model and control the behavior of 
nonlinear systems. Aneural net plant emulator is ?rst trained 
to identify the nonlinear plant behavior. Then, the neural net 
controller is trained in real time using the results of the 
emulator to control the actual noise and vibration distur 
bance signals. There are many publications on the training of 
neural nets such as backpropagation (With or Without 
momentum), conjugate gradient, quasi-NeWton algorithms 
and nonlinear Kalman Filtering. One such publication is 
Neural Networks—A Comprehensive Foundation by Simon 
Haykin, @1994, Macmillan Publishing Company, ISBN: 
0-02-352761-7. 
US. Pat. No. 5,434,783, issued to Chinmoy Pal, on Jul. 

18, 1995, discloses a system incorporating neural netWorks 
for use in canceling noise and vibration in an automobile. 
The Pal patent discloses a system using tWo neural netWorks. 
The “identi?cation” neural net models the behavior of the 
plant being controlled. The “controller” net calculates the 
actuator command signals to reduce the automobile interior 
noise and vibrations of the vehicle body panel. The neural 
net architecture proposed in this patent includes feedback of 
the outputs from the neural net (controller or emulator) 
through ARMA (Auto-Regressive-Moving-Average) mod 
els to capture the temporal dynamic behavior of the plant. 
The output ?ltered signals from the ARMA models are then 
used as the inputs to the neural nets. In addition, feedback 
coupling exists from the emulator output, also ?ltered by 
alternate ARMA models to the controller inputs. 
US. Pat. No. 5,386,689, issued to Daniel J. BoZich, on 

Feb. 7, 1995, discloses a system similar to Pal, utiliZing dual 
neural netWorks to control actively vibration in gas turbine 
engines. This patent discloses the use of tWo neural nets, an 
emulator and a controller, to reduce the vibration and noise 
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generated by a gas turbine engine, using actuators and 
sensors. The emulator in the BoZich patent is used to provide 
compensation to the neural net controller by using an idea 
similar to the Fx-LMS algorithm. A reference signal is 
passed in a feed-forWard manner through the emulator to 
provide a ?ltered reference signal, Which is then used to 
update the neural net controller Weights. The Fx-LMS 
approach, and hence the approach of the BoZich patent, both 
assume that the plant (as represented by the emulator) and 
the controller are interchangeable and this in general is true 
for linear systems and may be possibly applicable for 
moderately linear systems. 

The ?oW of a ?uid over a surface is one situation in Which 
noise and vibration can occur. Speci?c examples of this are 
the blades of a rotorcraft spinning through the air or the 
blades of a propeller or impeller spinning in Water. 

Asubstantial body of research into the noise and vibration 
generated by helicopter rotors exists. A helicopter emits a 
substantial amount of noise as it ?ies over an area. Noise and 
vibration levels Within the helicopter cabin and throughout 
the airframe can also be signi?cant. The external noise 
radiated from a helicopter can be generally classi?ed into 
three areas: loading, thickness and blade-vortex interaction 

(BVI). 
Loading noise results from the rotation of the blades that 

are creating lift to keep the helicopter airborne. This rota 
tional movement of lift generates noise that propagates 
perpendicular to the rotor plane, namely doWn toWard the 
ground directly beneath the helicopter. 

Thickness noise also results from the blades rotating 
around the main rotor shaft, but in contrast is independent of 
the lift on the blades. Thickness noise results from the 
pressure disturbances created as a blade passage causes the 
air to displace and then return to its initial state. The thicker 
the blades, the more displacement, thus the term thickness 
noise. These air displacements result in pressure ?uctuations 
that result in radiated noise. Thickness noise radiates in the 
plane of the rotor, and thus projects ahead of and behind the 
helicopter. The blade velocity (as noted by the Mach 
number) also impacts the amount of thickness noise, the 
faster the blades motion, the greater the noise generated. As 
the relative speed of the air displacing around the blade 
approaches the speed of sound (sonic or Mach number=1.0), 
the magnitude of noise rises sharply (i.e. high-speed thick 
ness noise). When regions of the displaced air?oW exceed 
sonic velocities, the ?oW is referred to as delocaliZed, and a 
great increase in sound levels and radiation is observed. In 
this situation, the noise is referred to as High Speed Impul 
sive (HSI) noise. The highest velocity ?oW is observed on 
the advancing side of the rotor, and thus the highest thick 
ness noise levels propagate ahead of the helicopter. 
As used in this application, HSI noise should be under 

stood to also cover the more general thickness type of noise 
Which may or may not occur at the time that HSI noise 
occurs. Since the highest Mach numbers are on the advanc 
ing side of the rotors, these noise sources propagate ahead of 
the aircraft and can result in the helicopter’s detection over 
a battle?eld by threat acoustic sensors and mines. Reduc 
tions in blade thickness and rotor RPM, thus Mach number, 
can lead to signi?cant reductions of the noise levels that 
propagate forWard of the helicopter in the plane of its rotor 
blades, thus reducing the detectability range of the helicop 
ter. HoWever, reductions in blade thickness and tip speed 
also degrade rotor performance. The addition of active 
control technology to a rotor With reduced blade thickness 
and loWer rotor RPM may restore or improve the helicop 

15 

25 

35 

45 

55 

65 

4 
ter’s performance While yielding signi?cant reductions in 
noise propagation and thus detection distances. 
BVI noise is related to the close interaction of the main 

rotor blades With the Wake vortex elements generated at the 
ends of the spinning main rotor blades. These interactions 
increase the far-?eld ground noise emanating from the 
helicopter. BVI noise dominates the noise levels When the 
helicopter is descending or When the helicopter is ?ying in 
a terrain-folloWing ?ight path—sometimes referred to as nap 
of the earth (NOE) ?ight pro?les. BVI noise is predomi 
nantly directed doWn toWard the ground, i.e., perpendicular 
to the plane of the rotor blades. Such ground noises are 
undesirable in civilian contexts because they are objection 
able to populace in the surrounding area. Such ground noises 
are also undesirable in military contexts because the noise 
makes the helicopter more detectable, Which makes the 
helicopter more vulnerable to enemy action. In a military 
context, a reduction in BVI noise levels during descent or 
terrain-folloWing ?ight Would greatly enhance the success of 
missions requiring ?ight at loW altitude in order to evade 
radar detection, While avoiding detection by acoustic sensors 
Which might trigger anti-helicopter, explosive mines. 

These Wake vortex elements that lead to BVI noise are 
also part of a more complex rotor Wake structure that varies 
in time and space over the entire rotor disk. This entire Wake 
structure is also responsible for generating vibratory loads 
on the rotor system Which are transferred through the blades 
and hub into the airframe and result in undesirable vibrations 
in the helicopter cockpit and cabin areas. 
Open loop aerodynamic simulations have shoWn that 

actuating a trailing edge ?ap on each rotor blade to introduce 
?ap motions at ‘N per rev’ can reduce BVI noise and 
vibration. For example, a 2 per rev harmonic signal is tWice 
the speed of rotation of the main rotor of the aircraft and for 
a rotor rotating at ?ve revolutions per second (300 RPM), 
the 2 per rev is a 10 HZ harmonic input signal. The ?ap is 
typically driven With a superposition of 2 per rev through 5 
per rev harmonic input signals. One published paper (“23rd 
European Rotorcraft Forum in Dresden, Germany, Sep. 
16—18, 1997: Individual blade control by servo-?ap and 
blade root control-a collaborative research and development 
programme”, Written by D. Schimke, P. J anker, A. Blaas, R. 
Kube, G. ScheWe, Ch. Kebler), describes the use of super 
imposed harmonics of a base frequency, P, of vibration and 
sound used to effect cancellation of that vibration and sound. 
The superimposed harmonics include the 2P through 5P 
harmonics. 

Researchers have also determined that a pressure trans 
ducer located on the leading-edge of the blade, at an 
appropriate blade span location, Would correlate Well With 
the far-?eld noise. One such publication (“19’th European 
Rotorcraft Forum, Cenobbio, Italy, Sep. 14—16, 1993: 
Experimental Results of the European Helinoise Aeroacous 
tic Rotor Test”, by W. R. Splettstoesser, G. Niesl, F. 
Cenedese, F. Nitti, D. G. Papanikas) presents experimental 
results correlating blade pressure and accoustic characteris 
tics. Experimental noise data in this reference is further 
evaluated in terms of bandpass levels from 2P—10P com 
prising the thickness and high speed noise and 6P—40P 
comprising BVI. Therefore, the output of such a transducer 
can be used as a noise error sensor for a closed-loop 

controller for controlling ?ap position. The aforementioned 
Schminke paper also discusses the use of pressure transduc 
ers at the rotor blades, and the use of Wavelet transformation 
?lters to extract the BVI noise signature for closed loop 
control. 
US. Pat. No. 5,588,800, issued to Bruce D. Charles, on 

Dec. 31, 1996, discloses a system for manipulating a ?ap on 
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a rotor blade to reduce the noise and vibration generated by 
the rotor. This system alters the ?aps in predetermined 
manners based on the relative angular position of the rotor 
blade at any given time. The Charles control system is active 
to the eXtent that it varies its output depending on the rotor 
blade position, but does not include a controller to provide 
real time learning. Without such a controller, the Charles 
system is unable to optimally adapt its ?ap control manipu 
lations and provide maximum reduction of noise and vibra 
tion emissions based on actual measurements of noise and 
vibration. 

The prior art lacks a comprehensive scheme for actively, 
adaptively controlling nonlinear noise and vibration by 
estimating and measuring What noise and vibration outputs 
Will occur based on stimuli that relate to the generating noise 
and vibration source and then adapting the controlling 
mechanism to reduce the plant measured noise and vibration 
disturbances at the desired locations. 

SUMMARY OF THE INVENTION 

The present invention supplies the control system neces 
sary to model the plant, estimate and measure noise and 
vibration states, direct the alteration of noise-vibration 
generating mechanisms, evaluate its noise-vibration 
eliminating performance and adjust its directions based upon 
detected errors in its plant model. 

The present invention is a noise and vibration control 
system associated With a plant Which includes one or more 
portions of mechanical equipment involved in producing or 
measuring noise and vibration. The present invention ?lters 
and quanti?es the noise and vibration generated by the plant. 
The control system incorporates an emulator neural netWork 
used to model the relationship betWeen the quanti?ed noise 
and vibration measurements and one or more stimuli related 
to the plant generating the noise and vibration. A second 
neural netWork, the controller, uses a reference signal to 
generate a noise and vibration correction signal Which is 
passed to some means for altering the noise and vibration 
generated by the plant. The emulator then measures the 
effectiveness of the correction signal in reducing noise and 
vibration. The emulator calculates the gradient of the error 
in its plant model. This gradient is passed to the controller 
to adapt the calculations used to generate the correction 
signal. Over time, the parameters Within the controller are 
adapted to produce an optimal adjustment signal reducing 
the noise and vibrations generated by the plant. The input 
signals to the emulator and controller are stored in a plurality 
of time-based ?lters. 

One speci?c application of the present invention is to 
control the noise and vibration produced by the blades of a 
rotorcraft. The noise and vibration is measured by sensors 
mounted on the rotor blades and throughout the rotorcraft. 
These sensed signals are then ?ltered and quanti?ed. An 
emulator neural netWork models the relationship betWeen 
the quanti?ed signals and various stimuli related to the 
motion of the rotorcraft including the angular position of the 
rotor relative to the body and the forWard velocity of the 
rotorcraft. A controller neural netWork uses a reference 
signal and the current ?ight regime of the rotorcraft to 
generate an adjustment signal. This adjustment signal con 
trols ?aps located on the blades of the rotorcraft. By adjust 
ing these blade ?aps as the blade rotates around the rotor, the 
controller is able to alter the How of air across the blades 
and, thus, alter the noise and vibration generated by that 
air?oW across the blades. The emulator neural netWork 
estimates the noise and vibrations resulting from the adjust 
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ment signals. These estimates are compared against actual 
noise and vibration measurements to develop a error gradi 
ent in the plant model. This error gradient is then used to 
adapt the parameters that the controller neural netWork used 
to generate the original adjustment signal. As this adjust 
ment occurs during each execution cycle of the controller 
and emulator, the controller neural netWork is adapted 
toWard parameters Which result in adjustment signals mini 
miZing the noise and vibrations generated by air?oW across 
the rotor blades. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a sample environment in Which an 
adaptive active noise control system according to the present 
invention is applicable to a helicopter system; 

FIG. 2 illustrates a sample environment in Which an 
adaptive active noise control system according to the present 
invention is applicable to a ship-born system; 

FIG. 3 illustrates a sample environment in Which an 
adaptive active noise control system according to the present 
invention is applicable to a ?Xed-Wing aircraft; 

FIG. 4 is an overvieW of the logic of the present invention 
and hoW the invention is arrange in relation to other com 
ponents of a noise and vibration reduction system; 

FIG. 5 illustrates a generaliZed neural netWork Which 
forms the basis for the control system of the present inven 
tion; 

FIG. 6 illustrates the arrangement of an emulator neural 
netWork as the emulator is being trained to model the plant; 

FIG. 7 illustrates hoW the components of the a sensed 
noise and vibration preprocessing unit convert the sensed 
analog noise into digital form for use in controlling noise 
and vibration; 

FIG. 8 illustrates the use of a digital Hilbert Transform 
Finite Impulse Response (FIR) ?lter to generate the enve 
lope of the noise signal; 

FIG. 9 illustrates the emulator during the control mode 
after the emulator has been trained to model the associated 
plant; 

FIG. 10 illustrates a reference signal generator and 
describes the type of signals generated by the preferred 
embodiment of the reference signal generator; 

FIG. 11 illustrates the controller neural netWork during 
the control mode; and 

FIG. 12 illustrates the use of a single control signal to 
control multiple devices Which alter the How of ?uid over a 
surface. 

DETAILED DESCRIPTION 

Sample Applications 

Referring noW to FIG. 1, there is shoWn a system for 
controlling the noise and vibration generated by the rotors of 
a helicopter similar to that disclosed in the Charles US. Pat. 
No. 5,588,800 patent. The helicopter 40 has a number of 
rotors blades 42, each With a trailing edge ?ap 44. The ?aps 
44 can be actuated so as to result in increases and decreases 
in the lift of the blade as the blade rotates around its drive 
shaft 46. The actuations of the ?aps are timed so as to reduce 
the overall noise and vibration of the system. 

Noise sensors 48 in the form of pressure transducers 
mounted on at least one blade and vibration sensors 49 in the 
form of accelerometers mounted Within the cabin 50 mea 
sure the effectiveness of the reduction efforts. The various 
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sensors 48 and 49 deliver their error signals through con 
nections 51 and 52 to a control system 53 Which then 
controls the positions of the ?aps 44 through a control 
channel 54 so as to minimize the noise and vibration 
generated by the blades of the helicopter. In this system, the 
term “plant” is used to refer to the assemblage of the rotor 
blades 42, an actuator 55, a hydraulic line linkage 56, the 
?aps 44, and the noise and vibration sensors 48 and 49. In 
this system, the instantaneous angular position of each rotor 
blade is calculated as it rotates With drive shaft 46. Noise and 
vibration production is related to the instantaneous angular 
position of each blade. Therefore, the instantaneous angular 
position of the blade is a parameter measured independently 
of the noise and vibration and is used during the training of 
the neural net emulator and also in the control mode to 
provide additional input information to the net to alloW 
estimation of noise and vibration as a function of blade 
aZimuth position. Therefore, the ?ap 44 actuations occur 
While the rotor blade is traveling through predetermined 
regions of the rotor blade’s path in order to minimiZe the 
noise and vibration generated by the blade in that angular 
position. Furthermore, additional ?ight input signals, such as 
the helicopter forWard speed and payload, can also be used 
to provide ?ight condition information during the training 
and learning period of the neural net emulator and controller. 
As used in this application, the term payload indicates the 
total Weight, including passengers and cargo. These input 
signal(s) alloW the emulator and controller to operate over a 
Wider ?ight regime. 

During the control mode operation, the emulator uses the 
input ?ight condition signal(s), the blade position and the 
?ap control signal to effectively estimate the noise and 
vibration at different ?ight conditions, thus reducing the time 
required for re-training the emulator at each operational 
point in the ?ight regime. The controller can also use the 
?ight condition signals to retrieve a previously calculated 
?ap control solution and initialiZe the control algorithm to 
provide a quick convergence to the optimum solution since 
the previous (initial) estimate of the ?ap control is close to 
the optimum solution. This retrieval could be done from any 
type of computer based storage medium such as disk drives, 
tapes or memory chips. The retrieval could also be per 
formed by executing an algorithm developed to provide the 
optimum solution based on input parameters. Note that the 
aerodynamic-altering effect achieved by actuating the ?aps 
44 could also instead be achieved by tWisting the blades 42 
around their longitudinal aXes such as the aXis 57 elastically 
or in a rigid manner. 

Referring noW to FIG. 2, there is shoWn a system for 
controlling the noise and vibration generated by the undes 
ired interaction of tWo of the four propeller screWs of a ship. 
The ship, having a hull 60, has tWo screW propellers 62 and 
64 on each side each With ?xed pitch or variable-pitch 
propeller blades 66 and 68. Part of the Wash or turbulent 
Wake of the forWard propeller 62 Will, at least at some speed, 
strike the blades 68 of the aft propeller 64. That Wash or 
Wake from the forWard propeller can interact With the blades 
of the aft propeller 64 to generate vibration Which can be 
transferred to the bearings (not shoWn) of the shaft 69 of the 
aft propeller. Damage can be done to those shaft bearings, 
and the vibration can be transferred to the ship’s hull 60. 

The blade pitch of at least the second or aft-most of the 
tWo propellers 64 can be altered so as to change the ?oW of 
Water ?oWing over that aft propeller 68. The angular posi 
tion of the drive shaft 67 of the forWard propeller 62 can be 
measured and used to estimate the ?uctuations in ?uid ?oW 
over the aft propeller 64 Which result from the Wash of the 
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forWard propeller 62. The pitch alterations of aft propeller 
64 are timed so as to reduce noise-and-vibration-producing 
effect that the Wake or Wash of the ?rst or forWard propeller 
62 has on the aft propeller 64. 

Noise sensors 70 mounted on the propeller blades and 
vibration sensors 71 mounted Within the ship’s hull 60 
deliver their error signals through connections 72 and 73 to 
a control system 74 Which then controls the pitch of the 
blades 68 of the second propeller 64 through a control 
channel 75 so as to minimiZe the noise and vibration 
generated. The angular position and pitch of the blades 66 of 
the ?rst propeller 62 can also be used as indicative input 
parameters measured independently of the noise and vibra 
tion. Additionally, the speed of the ship through the Water 
also effects the noise and vibration generated by both 
propellers and is a parameter measured independently. In 
this system, the plant is de?ned as the propellers 62 and 64, 
the blades 66 and 68, a hydraulic line linkage (not shoWn) 
necessary to drive the pitch variations, the noise 70 and 
vibration sensors 71. 

Referring noW to FIG. 3, there is shoWn a system for 
controlling the noise and vibration generated in the tail of an 
airplane as the Wake of the airplane’s propellers ?oWs over 
an elevator surface of the airplane. The airplane 80 has one 
or more propellers 82 With a plurality of blades 84. The 
rotational angular position of the propeller blades 84 can be 
measured so as to estimate the resultant air?oW Wake that 
Will travel in time over the horiZontal stabiliZer 86 and 
elevator surfaces 94. The elevator surface has at least one 
trim tab 88 Which can be altered. The alterations of the trim 
tabs 88 are timed so as to correspond With and cancel out the 
noise and vibration generated by the pulsation of prop Wash 
as those pulsation reach the elevator surface 94 after being 
generated by the propeller 82. 

Noise sensors 90 are mounted on the elevator and vibra 
tion sensors 92 are mounted Within the airplane 80 to 
measure the effectiveness of the reduction efforts. The 
angular position of the propeller 84 and the speed of the 
airplane are parameters that are measured independently of 
the generated noise and vibration. In this system, the plant 
is de?ned as the propeller 82, the propeller blades 84, the 
hydraulic or mechanical line linkage 93 necessary to drive 
the trim tabs 88 and the noise 90 and vibration 92 sensors. 
A controller 95 receives the noise sensor signals 90 on 
connection 89 and the vibration sensor signals 92 on con 
nection 91 as Well as propeller positions and airspeed inputs 
to control the instantaneous position of the trim tabs 88. 

OvervieW of the Invention 

Referring noW to FIG. 4, there is shoWn a block diagram 
of hoW a control system 100 is arranged in relation to the 
other portions of an active, adaptive vibration and noise 
attenuation system (AAVNAS). The control system 100 is 
based on tWo neural netWorks: an emulator neural netWork 

(emulator) 102 and a controller neural netWork (controller) 
104. Additional devices facilitate transferring inputs and 
outputs to and from the emulator 102 and controller 104 
including: a reference signal generator (RSG) 106, time 
based ?lter elements 108 and 109 for the inputs to the 
emulator and controller, a sensed noise and vibration pre 
processing unit (SNVPU) 110, and a summing unit 112. 
Inputs to the control system 100 include the sensed noised 
and vibration signals ?oWing on connection 114 from one or 
more noise and vibration sensors 115 as Well as one or more 

parameters received from a parameter sensor(s) 126 Which 
sense the noise-independent parameter, e.g. angular position 
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of a rotor blade (as measured by the sine and cosine of the 
angle relative to some reference point on the rotor shaft) 
received on connections 120, 121, and forWard velocity of 
the vehicle received on connection 119 (vehicle operation 
condition input signal), Which are measured independently 
of the noise and vibration and Which are at least partially 
indicative (predictive) of the noise and vibration. The out 
puts of the parameter sensor(s) 126 are furnished on con 
nections 119, 120, and 121. The control system generates an 
output control signal ?oWing on a connection 122, Which is 
used to drive a ?ap or other altering-device 124 so as to 
change the generated and thus sensed noise and vibration 
received on connection 114 from the sensors 115, and is also 
used as one of the inputs to the emulator time-based ?lter 
108 for estimating the plant noise and vibration using the 
emulator. 

See beloW for details on each step in the folloWing 
processing. First the matrix coef?cients of the neural net 
controller 104 are initialiZed With small random values, and 
the matrix coefficients of the emulator 102 are initialiZed 
With the pre-computed values obtained from the neural net 
emulator training process to model the dynamics of the plant 
130 (see FIG. 6). The initial state “k=0” (explained beloW, 
in this paragraph) is initiated by the ?rst sample clock of an 
A/D converter (described in connection With FIG. 6) and 
begins With the reference signal generation by the RSG 
component 106 on connection 150 and the forWard velocity 
signal (indicative of operating condition) on connection 119 
(in this context, “k” represents the current frame count of the 
system and is incremented by 1 for each subsequent A/D 
sample clock cycle). The reference signal on connection 150 
and the forWard velocity signal 119 are placed into a 
time-based ?lter and 109 (for example, digital tapped delay 
lines) at the input of the controller 104. During this initial 
state, the controller does a forWard pass of the values stored 
in the time-based ?lter and 109 through the calculations 
performed on its neural netWork. This forWard pass com 
putes the output control signal on connection 122, Which is 
connected to both the altering-device 124 and the input 
time-based ?lter 108 of the emulator 102. The output control 
signal is delivered to the altering-device 124 and to the 
emulator time-based ?lter 108 during the next A/D sample 
clock cycle. 

The next state “k=1” is initiated by the next A/D sample 
clock and the process begins by ?rst delivering the control 
signal computed during the k-l state to the altering device 
124 and to the time-based ?lter 108 of the emulator. NeW 
indicative parameters are received on connections 119, 120, 
and 121 (e. g. vehicle forWard velocity, sine and cosine of the 
blade angular position), and a neW reference signal is 
received on connection 150. The signals on connections 119, 
120, and 121 are placed into the time-based ?lter 108 (eg 
the tapped delay lines) of the emulator 102, and signals on 
connections 119 and 150 are placed into the time-based ?lter 
109 of the controller 104. During this state, the emulator 
does a forWard-pass of the values placed in the input ?lter 
108 through the ?xed matrix coef?cients from the emulator 
training process as to constitute its neural netWork simula 
tion capability and produces an estimate of the noise and 
vibration signal on connection 134 Which is sent to the 
summing unit 112. During this state, the measured noise and 
vibration signals on connection 114 are also processed in the 
sensed noise and vibration preprocessing unit (SNVPU) 110 
and are delivered on connection 136 to the summing unit 112 
as digitiZed noise envelope and vibration signals. 

The differences in the sensed and estimated noise and 
vibration signals 138 are calculated in the summing unit 112 
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10 
and are used to assess, in real time, the emulator accuracy to 
the actual plant process and to determine Whether emulator 
re-training is necessary (see beloW for options if re-training 
is necessary). The sensed digitiZed noise envelope and 
vibration signals on connection 136 from the SNVPU 110 
are also returned to the emulator 102. The emulator 102 then 
backpropagates these signals carried on connection 136 
through its netWork in order to calculate the gradient of the 
plant error signals With respect to the input control signal 
received on connection 122. The plant error gradient is then 
sent to the controller 104 on connection 140. The controller 
uses a gradient-based algorithm (see the Controller section 
beloW) to backpropagate the plant error gradient through its 
neural netWork and adapt its matrix coef?cients in layers 3, 
2 and 1 (see Emulator in Control Mode and Controller 
sections). The controller can noW do a forWard pass of the 
?lter tapped delay line reference values 109 through its 
updated neural net matrix coef?cients and calculate a neW 
output control signal for the next state carried on the 
connection 122. When the next A/D sample clock cycle 
occurs, “k” is incremented and the described processing 
sequence in state “k=1” repeats itself With each succeeding 
clock cycle. 

If the emulator modeling of the actual plant process is not 
accurate enough (based on the differences in the sensed and 
estimated noise and vibration), retraining may be necessary 
(see Training the Emulator section beloW). The AANVAS 
may indicate this inaccuracy to the user such devices as 
Warning lights or computer printouts (on a monitor, printer, 
or any other type of computer output device). The user can 
then immediately halt the plant process and reinitiate the 
emulator training procedure, or the user can note the need 
for retraining and defer the retraining procedure until a more 
convenient time. 

Generalized Neural Network Description 

Both the emulator 102 and the controller 104 have feed 
forWard, multi-layer architectures With input tapped delay 
lines 108 and 109 to capture the temporal dynamic behavior 
of the plant required for control of a dynamic system. In the 
preferred embodiment, the neural net processors (emulator 
102 and controller 104) have three-layer architectures. 

Referring noW to FIG. 5, there is shoWn a generaliZed 
three-layer, feed-forWard neural net processor. The neural 
net of FIG. 5 has four inputs, (indicative/predictive) param 
eters h1, b2, and b3 received on a connections 199, 200, and 
201 (eg forWard velocity of the vehicle, sine and cosine of 
the main rotor angular shaft position) and an input signal y 
received on a connection 202. The number of indicative 
parameters is at least one and can vary according to the 
particular application and should not be seen as a limitation 
on the present invention. Each indicative parameter assists 
the neural netWork in building relationships useful to model 
and control the nonlinear plant dynamics at different vehicle 
operational points. 
The nature of the input signal y received on connection 

202 depends upon Whether the neural net of FIG. 5 is 
functioning as the emulator 102 or the controller 104. Also, 
the input signal y received on the connection 202 to the 
emulator 102 depends upon Whether the emulator 102 is in 
its initial “plant model training” regime or is performing in 
its “adaptive control” regime during active control of the 
active, adaptive vibration and noise attenuation system 
(AAVNAS). The nature of these input signals, y, received on 
connection 202 and the “regimes” under Which the neural 
net is being trained or used in adaptive control mode are 
described in more detail beloW. 
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The input signal y received on connection 202 and input 
signals h1, b2, and b3 received on connection 199, 200, and 
201 are stored in time-based ?lter elements 108, preferably 
in the form of delay lines. These delay lines are similar to 
shift registers in Which the current input signal is shifted in, 
each previously-stored input signal is shifted forWard, and 
the input signal from N frames is shifted out Where N 
represents the number of available storage positions in the 
tapped delay lines. The shifting is done at the beginning of 
each ?ame shortly after the start of the A/D clock cycle has 
occurred. These delay lines ?lter the inputs to both the 
emulator 102 and controller 104 neural netWorks and pro 
vide a time-based history of N signal values. 

The generaliZed neural net of FIG. 5 preferably contains 
three layers, With the ?rst layer output vector x1=[x1(1), 
xlm, x20). . . xQ(1)]T (T denotes transpose), the second layer 
output vector x2=[xO(2), x1(2), x2(2) . . . xM(2)]T, and the third 
layer output vector x3=[xo(3), X16), x26) . . . xL(3)]T. Each 
layer includes a matrix formed by the several roW vectors in 
that layer. For example the matrix in the ?rst layer is formed 
by the roW vectors W09) through WQO), Where the dimen 
sion of each roW vector is 1><(N1+N2+N3+N4+1) resulting in 
a matrix With dimensions (Q+1)><(N1+N2+N3+N4+1). The 
input signal y(n) to the ?rst layer is delayed by N1—1 
samples and the forWard velocity signal h1(n) and blade sine 
and cosine position signal h2(n) and h3(n) are delayed by 
N2—1, N3—1, and N4—1 samples, respectively, (for example, 
in FIG. 5, N2—1=2 for a tWo-sample delay), and an input bias 
b1 is included to form a total input vector of dimension 
(N1+N2+N3+N4+1)><1. This input vector is multiplied With 
the matrix in the ?rst layer (formed by roW vectors W09) 
through WQ(1)) resulting in the intermediary output vector yl 
With elements yom through yQ(1). This vector is then mul 
tiplied element-by-element With a vector of sigmoidal func 
tions producing the ?rst layer output vector x1. The sigmoi 
dal function preferably used in this neural net is de?ned by: 

1 
My) = ( ) 

The same process is then repeated for the second layer in 
Which the input vector is noW de?ned by the output of the 
sigmoidal functions from the ?rst layer Which are [xo(l), 
xlm, xzm . . . xQ(1)] and a bias b2. This vector multiplies the 
matrix formed by roWs WOO) through WMQ) in the second 
layer Whose dimension is (M+1)><(Q+2) Where M+1 is the 
number of nodes in the second layer and Q+2 is the number 
of input channels into the second layer. The third layer 
performs similar operations, and the output vector With 
elements [xo(3), x16), x26), xL(3)]. 

In the emulator version of the generaliZed neural netWork, 
the output vector With elements [xo(3), X16), x26) . . . xL(3)] 
is summed With the digitiZed output sensor signals [sensoro, 
sensorl, . . . sensorL] in summing unit 112 to produce outputs 
[eO, e1, . . . eL], Which constitute the outputs of the neural net. 

In the preferred embodiment, the processing described 
above and shoWn in FIG. 5 is performed at 512 HZ, Which 
is the sample rate of the neural net emulator and controller 
process. The sample rate is also the same as the A/D clock 
rate. Each delay Z_1 is one sample interval. Therefore, in the 
preferred embodiment, the output of the third delay of the 
input signal y (stored in input ?lter element y(3)), is 3/512 of 
a second later than the input signal y that gave rise to it. 

Training the Emulator 

Referring noW to FIG. 6 there is shoWn an arrangement 
for the emulator 102 in its training mode to learn the plant 
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130. In using the present invention to control an AAVNAS, 
the ?rst operation is to train the emulator 102 to model the 
plant nonlinear dynamics. Methods of plant identi?cation 
for linear systems are Well knoWn in the art. One example of 
such methods is described in US. Pat. No. 4,677,676, issued 
to Eriksson on Jun. 30, 1987 (’676 patent). To model a linear 
system at speci?c frequencies, only one amplitude/phase 
sinusoid input is required per frequency since With different 
amplitudes, the output is linearly related. HoWever, to model 
nonlinear systems, the present invention generates various 
random samples of amplitude/phase per frequency to deter 
mine adequately the nonlinear input/output mapping at each 
frequency. 

Training a neural net is a process that begins With a 
synthesiZed probe signal. In the preferred embodiment, a 
multi-harmonic multi-pattern signal is used as the probe 
signal and is composed of uncorrelated patterns. Each pat 
tern is generated by the superposition of one or more 
harmonics, With the amplitudes and phases generated by 
random number generators; and the pattern is repeated for a 
number of cycles to provide adequate duration of plant 
excitation. In the preferred embodiment, the number of 
harmonics is seven (1P—7P). Each pattern in the probe signal 
is generated by re-running the random number generators to 
provide an alternate set of fourteen random amplitudes and 
phases. The number of patterns required for training the 
neural net is based on hoW Well the emulator can generaliZe 
With patterns not used during training. If the generaliZation 
is poor, the number of patterns is increased until the neural 
net achieves adequate generaliZation. This probe signal is 
constructed in the controller 104 and is delivered on con 
nection 222. The excitation signal on connection 222 is 
delivered through a D/A converter 224 to control the mecha 
nism of the altering device 124 to the physical portions of 
the system to be controlled. 

During the training process, the system under control is 
operated in its customary environment, and the outputs of 
the plant noise and vibration sensors 115 are gathered. The 
plant reacts to the changes in the altering-device 124 created 
by the probe excitation signal on line 222. In the helicopter 
example described above and shoWn in FIG. 1, the helicop 
ter Would be operated at several prede?ned ?ight conditions 
for a speci?ed ?ight regime While the ?aps 44 are actuated 
by the excitation signal (described above), and the noise and 
vibration sensors record the changes that occur due to the 
?ap actuations. 
The sensed and gathered (processed and summed) noise 

and vibration signals are then related to the input excitation 
signal on connection 222 driving the altering-device 124, 
and to the indicative parameters on connections 119, 120, 
and 121. This data-collection process is done during normal 
operation of the system. In one embodiment, the collected 
data are stored by means of a mass computer storage device 
such as a magnetic tape or disk drive. The data are then 
analyZed off-line to build the relationship betWeen input and 
output data. Alternatively, the data need not be collected and 
then processed off-line but can be processed through the 
neural net in real time, thereby obviating voluminous data 
collection. The preferred embodiment of the present inven 
tion uses the real time neural net emulator processing to 
build the input/output data relationship. 

FIG. 6 assumes real-time processing of the sensed noise 
and vibration signals on connection 114 from the changes in 
the altering-device 124 driven With the multi-harmonic 
multi-pattern excitation signal on connection 222 generated 
in the controller 104. The sensed noise and vibrations on 
connection 114 are delivered to the SNVPU 110 Which 






















